Abstract-Electromagnetic band gap (EBG) structures offer unique solutions for effectively manipulating electromagnetic waves over a broad range of frequencies for a wide range of applications. However, most EBG designs reported so far either require sophisticated fabrication processes or have limited tunability and reconfigurability. In this paper, we investigate the potential to implement high performance tunable and reconfigurable EBG components using a novel optical control approach. This technology allows the generation of EBG structures through spatially-resolved photogeneration of free carriers in a semiconductor, without any complex fabrication processes. As a prototype demonstration, a reconfigurable microwave frequency tunable band-stop filter (BSF) based on photo-induced uniplanar EBG structures has been investigated through simulation. In this approach, the required EBG patterns are directly illuminated onto a Ge ground plane mounted to the bottom of a Duroid substrate for tunability using a digital light processing (DLP) projector. On the basis of HFSS simulations, the bandwidth of the BSF can be tuned by modifying the EBG pattern filling factor. The center frequency of the BSF could also be tuned from 8-12 GHz by adjusting the period of the EBG structure. In addition, two limiting factors, i.e., localized heating effects and finite lateral spatial resolution (due to carrier diffusion), that may affect the circuit performance in this technology have been investigated and discussed. By using a mesa-array structured ground plane, this approach is promising for developing tunable and reconfigurable circuits such as filters from the microwave to terahertz regimes.
INTRODUCTION
Periodic structures have been extensively studied and employed for a variety of microwave applications including filters, resonators, power amplifiers, travelling-wave tubes, frequency-selective surfaces, and phased array antennas [1] [2] [3] [4] [5] [6] [7] [8] [9] . They have also been adopted as building blocks to improve the overall circuit performance, such as facilitating broadband and high gain performance of hemispherical dielectric resonators, and augmenting radiation losses and roll-off factor of spur line resonator based low pass filters [10] [11] [12] . Around two decades ago, Yablonovitch and his colleagues demonstrated a 3-D periodic structure operating at microwave frequencies by mechanically drilling holes into a block of dielectric material [1, 2] . Although the dielectric material in its solid form is transparent at those frequencies, the resulting structure prohibits the propagation of waves in certain frequency bands. Such wave propagation band gaps are generated by introducing periodic changes in dielectric properties on a length scale comparable to the wavelength, resulting in a dispersion diagram similar to those in periodic semiconductor lattices [2] . This kind of artificially engineered material is generally known as either photonic band gap (PBG) materials (in the photonics community) or electromagnetic band gap (EBG) materials (in the microwave community) [3] . Due to the fact that EBG structures can be used to guide and efficiently control the propagation of electromagnetic waves to an extent that was previously not possible, they have become one of the most rapidly advancing topics in microwave engineering [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Despite the success in implementing EBG structures for microwave applications, most current EBG designs either require sophisticated fabrication processes such as silicon micromachining or combinations of wet-and dry-etching to create structures with strong material property contrast [7, 8] , or have very limited tunability or reconfigurability. Because the frequency responses of an EBG rely on the contrast between the materials involved, circuit tunability and reconfigurability are challenging to realize since at least one of the materials' dielectric properties must be dynamically adjusted. The conventional approach is to use either electrical tuning using PIN diodes as varactors or mechanical deformation of MEMS (micro electro mechanical systems) devices. Both of these approaches typically result in complex systems with limited tuning capability [13, 14] . To overcome these drawbacks, alternative design strategies are needed.
In this paper, we investigate the performance potential of tunable and reconfigurable EBG components using a novel optical control methodology [15] [16] [17] [18] . This approach is based on the generation of EBG structures through spatially-resolved photogeneration of free carriers in a semiconductor, without the need for complex fabrication processes. Tunability is realized by illuminating different virtual EBG patterns onto the semiconductor. Although optical tuning has been studied for implementing tunable circuits using optical fiber bundle arrays or switchable LEDs [19, 20] , the approach described in this paper is considerably more flexible and can be used to achieve dynamic, reconfigurable, and multifunctional circuits. For a prototype demonstration, the EBG structures evaluated here are based on a microstrip line configuration with the ground plane replaced by a semiconductor that can be selectively patterned using optical generation. The optical patterns illuminating the ground are used to generate uniplanar EBG structures [4] by spatially modulating the photogenerated free carriers in the ground plane. A commercially available digital light processing (DLP) projector is used to project these patterns onto the ground plane. On the basis of this basic structure, a tunable and reconfigurable microwave band-stop filter (BSF) operating in the frequency range from 8-12 GHz has been designed and studied. HFSS simulations show that both the bandwidth and the center frequency of the BSF can be tuned by modifying the ground plane EBG pattern filling factor and period, respectively. In addition, two limiting factors, localized heating effects and finite lateral spatial resolution (due to carrier diffusion), that may affect the circuit performance in this technology have been investigated and discussed. By using a mesa-array structured ground plane, this approach is promising for developing tunable and reconfigurable circuits such as filters from the microwave to terahertz regimes. Figure 1 illustrates the cross-sectional view of the structure evaluated here for implementing photoinduced tunable and reconfigurable EBG components. The structure is based on a microstrip line configuration with the top conductor fabricated on a dielectric substrate. The back conductor is partially removed and replaced by a semiconductor film (e.g., Si, Ge, etc.) to facilitate opticallymodulated conductivity. When the semiconductor is illuminated, free carriers are generated as long as the photon energy is larger than the semiconductor band gap. Therefore the material properties of the illuminated region, such as complex relative permittivity and conductivity, can be controlled optically [21, 22] . By projecting different periodic patterns onto the semiconductor back plane using a DLP projector, uniplanar EBG configurations with tunable properties can be achieved. As a result, electromagnetic waves propagating along the microstrip line are perturbed by the photo-induced EBG structures, leading to the potential for dynamic tuning and reconfigurability. The theory of operation for this type of device is discussed in the following section.
PROPOSED STRUCTURE FOR PHOTO-INDUCED EBG COMPONENT

THEORIES AND MECHANISMS OF PHOTO-INDUCED EBG
To understand the mechanism of operation for the proposed EBG structures, we first consider the optical control of the conductivity of a thin semiconductor film. For a semiconductor wafer with a thickness of h and uniform optical excitation normally incident on its surface, photo-induced excess (free) carriers are created in the semiconductor as long as the incident photon energy is higher than the semiconductor band gap. The generation rate of the free carriers decays exponentially along the direction of optical propagation (denoted as z, see Fig. 1 ) and is determined by the illumination intensity, the Figure 1 . Cross-sectional view of the proposed structure for implementing optically-controlled tunable and reconfigurable uniplanar EBG component in a microstrip line configuration. Virtual EBG patterns are projected onto the semiconductor film using a DLP projector to form uniplanar EBG configuration with tunable properties. reflectivity of the wafer, and the absorption coefficient of the semiconductor at the optical illumination wavelength. Under the assumption that surface recombination effects are negligible (e.g., with suitable surface passivation [23] ), the photo-excited free carrier concentration profile can be calculated by solving the continuity equation. In the absence of externally-applied bias, the photogenerated electron-hole pairs are bound together through Coulombic interaction, leading to an ambipolar response. In this case, the concentration of photogenerated electron-hole pairs, N (z), as a function of depth into the wafer can be written as [15] :
where τ e is the effective carrier lifetime, α the absorption coefficient of the semiconductor at the illumination wavelength, P 0 the light intensity, ω the angular frequency of the light, the reduced Planck constant, R the reflectivity of the wafer, and L D the ambipolar diffusion length calculated using the diffusion characteristics of both electrons and holes [25] . Once the free carrier distribution inside the wafer is determined, the corresponding photoconductivity profile can be calculated using:
where q is the elementary charge, and μ e and μ h are the mobility of electrons and holes, respectively. This physics-based model for photoconductivity has been previously applied to the study of THz wave modulation depth [15] [16] [17] [18] . Since the photoconductivity of the semiconductor can be controlled by the incident illumination, as shown in Eqs. (1) and (2), a desired spatial distribution of the photoconductivity can be generated by employing patterned light (so that certain areas of the wafer are photo-excited, while others are not). This photo-induced spatial modulation strategy allows for the formation of periodic structures in the semiconductor without any complex fabrication processes, and therefore offers a simple but powerful approach for the implementation of tunable and reconfigurable EBG components. For realizing EBG structures using spatially-resolved photogenerated free carriers, a sufficiently high free carrier concentration needs to be created in the illuminated excited areas so that a strong conductivity contrast can be established between illuminated and un-illuminated regions. This is the central challenge associated with the proposed approach. The key factors that determine the conductivity contrast include the choice of semiconductor material, wafer thickness, and light intensity.
With respect to material selection for efficient spatially-resolved optical modulation, a detailed assessment among three mainstream semiconductors (Si, Ge, and GaAs) was recently investigated [15] . It is found that in addition to mobility, effective carrier lifetime of the photoconductive semiconductor is the key parameter for determining the modulation strength. Among the three candidates evaluated, Ge provides the highest free carrier concentration under the same light intensity with wavelengths in the visible range (e.g., 550 nm) owing to its long effective carrier lifetime (typically 10 times larger than that of Si, and 10 5 times that of GaAs), while still offering excellent electron and hole mobilities (roughly of the same order of magnitude as that of the other two materials). As a consequence, Ge is chosen for the device explored here as it can provide a high free carrier density at moderate light intensity.
Wafer thickness and light intensity are also critical in controlling device performance. The impact of these factors on the photoconductivity profile (along the z direction) for several wafer thicknesses (i.e., 25 µm, 50 µm, 100 µm, 250 µm, and 500 µm, respectively) was calculated using Eqs. (1) and (2) . In this calculation, light with a wavelength of 550 nm was employed. The calculation was repeated for incident light with different light intensities, i.e., 2 W/cm 2 , 20 W/cm 2 , and 200 W/cm 2 , respectively. The physical parameters used for the calculation are tabulated in Table 1 . The parameters in the table are standard values from the literature [24, 25] , except for effective carrier lifetime and the corresponding diffusion length. On the basis of THz transmission measurements of a Ge wafer (∼ 500 µm thick), which have shown a maximum modulation depth of 65 dB using a 4.2 W/cm 2 light intensity [23] , the actual lifetime for the Ge wafer to be employed in our work was estimated to be approximately 40 µs (values from the literature are typically larger, which may result in better performance). To be conservative, the lower value of 40 µs has been taken here. Fig. 2(a) shows the photoconductivity as a function of depth into the Ge for different thicknesses under the same light intensity (2 W/cm 2 ). The photoconductivity profile for each thickness has been normalized to its peak value. It can be observed that the photoconductivity profile is characterized by a decreasing of photoconductivity with increasing depth, but the variation is small because the wafer thickness is below or (at most) equal to the ambipolar diffusion length (∼ 500 µm). These results show that for h < L D , the photoconductivity distribution is nearly homogenous, allowing one to model the wafer as a single optically excited semiconductor layer with a conductivity equal to the spatially averaged value. The spatially averaged photoconductivity as a function of wafer thickness and light intensity is shown in Fig. 2(b) . It can be seen that: (1) for a given wafer thickness, higher light intensity leads to higher photoconductivity; (2) under the same light intensity, thinner wafers show higher photoconductivity as there is limited space available in the semiconductor for the photo-excited free carriers to diffuse. These two observations indicate that both stronger light intensity and thinner wafers lead to higher photoconductivity. As an example, for a Ge wafer with ∼ 100 µm thickness, ∼ 20 W/cm 2 light intensity (which can be readily provided by a commercially available DLP projector [17] ) would lead to a photoconductivity of the order of 10 4 S/m, while over 200 W/cm 2 light intensity (which can be implemented by using a high power DLP projector, or using a high power laser diode in conjunction with a DMD chip [18] ) would yield a photoconductivity of the order of 10 5 S/m. When high light intensity is required, heating effects may need to be considered in practice to ensure circuit stability and reliability. The impact of local heating will be discussed later in this paper. The use of thinner Ge wafers relieves the requirement on light intensity for achieving the same level of photoconductivity, thereby reducing the need for cooling while still maintaining the same level of circuit performance. However, it should be noted that even though employing thinner wafer and stronger light intensity can both yield higher photoconductivity, reducing the wafer thickness does not always provide improved photo-induced spatial modulation (as increasing the light intensity does) because aggressively thinning down the wafer (while keeping the same light intensity) may lead to the situation where the skin depth is comparable or even larger than the wafer thickness. This is especially true at lower frequencies and under low light intensities. For achieving efficient photo-induced spatial modulation, the thickness of the wafer should be several times the skin depth at the operation frequency.
PHOTO-INDUCED EBG FILTER DESIGN, SIMULATION, AND ANALYSIS
The proposed photo-induced EBG configuration can be used as a platform to design a variety of tunable and reconfigurable circuits (e.g., filters, resonators) with multiple functionalities. The operation of those circuits takes advantage of the stop-band phenomenon in EBG structures. Such a stop-band phenomenon for electromagnetic waves propagating in EBG structures can be understood in analogy to the movement of free electrons in semiconductor lattice [25] . The electrons will experience the periodicity of the lattice in the form of an electrostatic periodic potential while moving through the semiconductor crystal. According to the perturbation theory, this will lead to energy discontinuities at the edges of the Brillouin zone (k = ±π/a, where k is the wave vector, and a is the periodicity of the lattice). By analogy, the electromagnetic waves propagating inside an EBG structure will be modulated by the periodic change of material properties, and therefore exhibit a stop-band at around the frequency where the condition k = ±nπ/a (n is an integer) is satisfied. This condition corresponds to a = ±nλ g /2, where λ g is the guided wavelength in the wave propagating medium [26] [27] [28] [29] . As a prototype demonstration, an X-band microwave BSF with a tunable center frequency has been designed using the uniplanar EBG structures reported in [4] . As illustrated in Fig. 3(a) , the circuit is made using a 50-mil thick dielectric substrate with a dielectric constant of 10.2 and loss tangent of 0.0023 (e.g., Rogers RT/Duroid 6010 [30] ). The size of the substrate is 10 cm × 5 cm, and the width of the top conductor (copper) is 1.19 mm (corresponding to the top conductor width of a 50-Ohm line in conventional microstrip). At the backside of the substrate, the conventional ground plane is removed from a rectangular area with a dimension of 22 mm × 20 mm and replaced by a 100-µm thick undoped Ge thin film of the same size. A thickness of 100 µm is chosen for the semiconductor film because it facilitates obtaining relatively high photoconductivity under moderate light intensity while maintaining ease of handling in practice. EBG patterns were imposed onto the Ge thin film (e.g., using a DMD chip from a DLP projector). A representative photo-induced uniplanar EBG pattern for a BSF with a 10 GHz center frequency is shown in Fig. 3(b) . It consists of three rows of circles with a radius, r, of 2.28 mm, arranged in four columns with a period, a, of 5.7 mm, corresponding to half of the guided wavelength at 10 GHz. The dark areas correspond to the intrinsic dielectric regions without illumination. For full wave simulation, homogeneous cylinders with the conductivity of intrinsic Ge (i.e., 2 S/m, data supplied by the wafer manufacturer) were used to model the un-illuminated regions, while materials with uniform photoconductivity determined by the incident light intensity (as computed using Eqs. (1) and (2)) were employed to model the illuminated parts (white areas in Fig. 3(b) ).
To verify the effectiveness of the proposed optical modulation approach, HFSS simulation (ANSYS HFSS version 18.0) of the circuit frequency responses without optical illumination was first investigated; Fig. 4(a) shows the simulated S-parameters in the frequency range from 1-16 GHz. The simulated return loss oscillates significantly from 3 dB to 20 dB (due to the standing wave effect caused by the discontinuities introduced by the Ge thin film on the ground plane) and the insertion loss is larger than 4 dB over the entire frequency range, indicating that the quasi-TEM mode cannot propagate along the transmission line due to the presence of intrinsic Ge with poor conductivity on the ground. However, when the Ge slab is uniformly illuminated at an optical intensity of 200 W/cm 2 , a return loss well above 20 dB and an insertion loss less than 1.5 dB are observed across the entire frequency range as seen in Fig. 4(b) . This is because sufficient free carriers have been generated to produce a conductivity in the Ge approaching ∼ 1 × 10 5 S/m (see Fig. 2(b) ). The corresponding skin depth at ∼ 10 GHz is ∼ 15 µm, and the wafer thickness is more than 6 times that of the skin depth. As a result, the photo-excited Ge shows metallic behavior and serves as a ground plane to support the propagation of quasi-TEM mode in the microstrip structure. Consequently, a typical transmission line response is observed. To realize a BSF with this structure, the Ge is illuminated with an EBG optical pattern as depicted in Fig. 3(b) . Fig. 5(a) shows the simulated S 11 and S 21 . This simulation was performed with a light intensity of 200 W/cm 2 , corresponding to a photoconductivity of 1 × 10 5 S/m. As seen in Fig. 5(a) , BSF responses with a center frequency f 0 at 10 GHz, a stop-band rejection of ∼ 15 dB and sharp roll-off have been obtained. The filling factor (r/a) of the photo-induced EBG pattern used in Fig. 3(b) is 0.4. To investigate how the filling factor affects the filter performance and to demonstrate the flexibility of this approach, frequency responses using three different photo-induced EBG patterns with fixed period (a = 5.7 mm) but different filling factors (0.3, 0.4, and 0.5, respectively) were simulated and plotted in Fig. 5(b) . In all three cases, the stop-band is centered at 10 GHz, due to the fixed EBG period. However, both the depth and bandwidth of the stop-band can be adjusted by modifying the EBG pattern filling factor. Use of a large filling factor results in increased stop-band rejection and bandwidth, but leads to significant insertion loss in the pass-band. Conversely, smaller filling factor leads to reduced pass-band insertion loss but smaller stop-band rejection. Note that if the filling factor is modified by changing the period while remaining the radius, then the center frequency of the stop-band will no longer be fixed at 10 GHz. Tuning of the center frequency will be discussed as follows.
Tuning of the center frequency can be accomplished by changing the period of the photo-induced EBG patterns. To demonstrate this, the period of the photo-induced EBG patterns was varied from 4.5 mm to 7 mm. The radius of the circles was scaled proportionally to remain a filling factor of 0.4. The simulated S-parameters with different periods are shown in Fig. 6(a) for the EBG patterns illustrated in Fig. 6(b) . As can be seen, the center frequency f 0 is tuned from 8 GHz to 12 GHz as the EBG period is varied, consistent with expectations. The stop-band rejection exceeds 12 dB in all cases, and the return loss in the stop-band is less than 1.5 dB. This demonstration shows that broad tunability can be easily achieved using the proposed photo-induced EBG approach. We note that the approach is not limited to band-stop filters; other tunable and reconfigurable circuits such as band-pass filters and resonators can also be realized by modifying the EBG patterns [8, [31] [32] [33] .
Although satisfactory performance has been demonstrated from these simulations, there are two limiting factors for this technology that may affect the circuit performance significantly in practice. The first is the impact of localized heating. Due to the use of optical intensities of up to 200 W/cm 2 , the temperature of the semiconductor wafer (i.e., Ge in this work) for EBG pattern illumination may change. As a result, the carrier concentration (and hence the photoconductivity) in un-illuminated areas will increase due to the increase in intrinsic carrier concentration with temperature. To overcome this problem, effective thermal management needs to be employed to ensure circuit stability and reliability. Solutions for cooling such as heat sinks and thermoelectric coolers have been proposed and discussed in the literature [34] [35] [36] . An alternative approach for solving the heating issue is to employ even thinner Ge film. It can be speculated from Fig. 2(b) that a photoconductivity of the order of 10 5 S/m can also be achieved under a much lower light intensity of ∼ 50 W/cm 2 by using a 25 µm Ge on the same RT/Duroid substrate. Comparable circuit performance can be expected (or at most with moderate degradation in terms of the loss performance as the skin depth now is ∼ 60% of the wafer thickness due to the reduction of the wafer thickness), but the heating effects would be reduced with a much lower light intensity employed.
The second limiting factor is the finite lateral spatial resolution determined by carrier diffusion in Ge. In the EBG structure design discussed above, a simplified model that assumes no free carrier lateral diffusion was used. In reality, photogenerated carriers will inevitably diffuse across the boundary of the illuminated and un-illuminated regions. The free carriers that diffuse out of the illuminated areas both lower the photogenerated carrier concentration as well as expand the effective size of the photoconductive patterns, with a size scale comparable to the ambipolar diffusion length. This imposes significant limits on the spatial resolution of the photo-induced EBG patterns. In the X-band prototype design discussed here this is a minor effect because the diffusion length in Ge (∼ 0.5 mm) is only about 1/10 of that of the smallest feature size of the photo-induced EBG pattern (∼ 5 mm), and this effect can be compensated for (within limits) by adjusting the size of the projected EBG features.
Figure 7.
Illustration of a Ge-based mesa-array structure on a dielectric substrate. The mesa-array structure consists of a matrix of Ge islands. Each island is electrically isolated to prevent lateral diffusion, and the dimensions are much smaller than either the wavelength or the carrier diffusion length.
To circumvent this problem and enable spatial resolution at or below the diffusion length limit, the lateral diffusion of free carriers in Ge can be controlled by using an artificially constructed mesa-array structure. Fig. 7 conceptually illustrates a Ge mesa-array structure employed for photo-induced EBG component design. The mesa-array structure is made of a matrix of electrically-isolated islands, the dimension of which can be made much smaller than both the microwave wavelength and the carrier diffusion length by using deep reactive ion etching. When such an artificially engineered structure is optically illuminated, the photogenerated carriers are confined within each isolated mesa. Carrier diffusion from one island to another is eliminated by the mesa sidewall isolation, and therefore much higher spatial resolution can be achieved even in materials with large diffusion lengths. As an example, simulations have been performed on a 5 µm thick Ge mesa-array with cell size of 4.75 µm × 4.75 µm separated by 0.5 µm wide trenches [15] . It is shown that 10 µm resolution has been achieved using the proposed mesa-array structure. Such a structure can be fabricated using a process described in [37] . With the much-improved spatial resolution, the presented design methodology for implementing tunable and reconfigurable microwave circuits can be extended to higher frequencies, potentially to the THz domain.
CONCLUSIONS
In this work, a simple but powerful optically-controlled tuning methodology for implementing high performance tunable and reconfigurable EBG components using spatially-resolved photogeneration of free carriers in a semiconductor is proposed. A reconfigurable microwave circuit with tunable BSF responses from 8-12 GHz was designed based on photo-induced uniplanar EBG structures as a prototype demonstration to verify the effectiveness of the proposed optical modulation approach. HFSS simulations have shown that important characteristics of the BSF, such as the stop-band bandwidth and the center frequency, can be tuned by changing the EBG patterns illuminated on the Ge ground plane. Two limiting factors, including localized heating and finite lateral spatial resolution of the photo-induced patterns in Ge, that may affect the circuit performance in this technology have also been investigated and discussed. By using a mesa-array technique, it is expected that the optical control methodology proposed in this work can be used to design high performance tunable/reconfigurable circuits such as filters from microwave to THz frequencies.
